The sequence of a 5-kilobase DNA insert containing the structural gene for yeast cytoplasmic methionyl-tRNA synthetase has been determined and a unique open reading frame of 2,253 nucleotides encoding a polypeptide chain of 751 amino acids (Mr, 85,5W) has been characterized. The data obtained on the purified enzyme (subunit size, amino acid composition, and COOH-terminal sequence) are consistent with the gene structure. The protein sequence deduced from the nucleotide sequence reveals no obvious internal repeats. This protein sequence shows a high degree of homology with that of Eacherichia coli methionyl-tRNA synthetase within a region that forms the putative methionyl adenylate binding site. This strongly suggests that both proteins derive from a common ancestor.
Aminoacyl-tRNA synthetases play a crucial role in protein synthesis because they catalyze the specific attachment of amino acids to their cognate tRNAs. Knowledge of their primary structure is one of the prerequisites for the complete understanding of the structure-function relationship. So far, the sequence of only one aminoacyl-tRNA synthetase has been completely determined by using classical protein sequence analysis techniques (1) . However, the cloning of a number of aminoacyl-tRNA synthetases genes has allowed derivation of the primary structure of the corresponding enzyme from the DNA sequence-i.e., the alanyl-(2), tryptophanyl-(3), glutaminyl-(4), and methionyl- (5) tRNA synthetases from Escherichia coli.
In our laboratory, a yeast mutant strain lacking functional cytoplasmic methionyl-tRNA synthetase was available. It was complemented with a plasmid pool containing random fragments of wild-type yeast genomic DNA obtained by a partial Sau3A digestion (6) . It was thus possible to isolate a 5. 1-kilobase piece of DNA containing the methionyl-tRNA synthetase gene (MES1). The isolated gene product is a monomer (Mr, 80,000). However, in crude extracts from a wild-type strain the enzyme behaves as a dimer (Mr, 2 x 80,000). Because enzyme purification always led to a monomeric species with no detectable variation of Mr, the existence of a dimeric structure for native methionyl-tRNA synthetase is by no means proven (unpublished data).
In this paper we report the complete nucleotide sequence of the DNA insert containing the structural gene. Indeed, a unique open reading frame whose length corresponds exactly to that expected for the above protein size could be characterized.
MATERIALS AND METHODS DNA Sequence Analysis. DNA sequence analysis was carried out by the chain termination method of Sanger et al. (7) .
Fragments of the cloned DNA were subeloned into the bacteriophage M13mp7 (8) and analyzed by using the primer synthesized by R. Crea and purchased from P-L Biochemicals.
Enzymes and Chemicals. Most restriction enzymes and T4 DNA ligase were obtained from New England BioLabs. The Klenow E. coli polymerase and nuclease SI were from Boehringer Mannheim.
All chemicals were from Merck (Darmstadt, Federal Republic of Germany) and were analytical grade.
RESULTS AND DISCUSSION
Sequence of the MESI Gene. Fig. 1 shows the complete nucleotide sequence of a 3,215-base-pair-long DNA fragment bearing the structural gene for the yeast methionyl-tRNA synthetase in which a unique open reading frame was identified from nucleotide -33 to nucleotide 2,253 after which the next in-phase stop codon occurs. Nucleotide 1 is A of the first ATG encountered in this frame. As suggested for eukaryotic systems (9), we assume that this is the initiating codon because it is the first ATG after the start of transcription determined by nuclease Si mapping which showed three major 5'-mRNA ends centered at positions -10, -18, and -17 (unpublished data). Therefore, this DNA section is large enough to encode a polypeptide chain of 751 amino acids (including the initiating methionine). The corresponding peptide sequence is also shown in Fig. 1 . It yields a M, of 85,500, in good agreement with that measured for the purified protein.
Unfortunately, NH2-terminal sequence analyses of the enzyme purified from transformed yeast cells did not give any clear answer. Indeed, the negative results of dansylation, Edman-Chang degradation, and aminopeptidase digestion suggest that the NH2-terminal residue is blocked. But three lines of evidence establish that the stretch of DNA shown in Fig. 1 does contain the MESi gene:
(i) The amino acid composition deduced from the DNA sequence fits well with that calculated from amino acid analysis of the protein purified from the transformed cells (Table 1 ).
(ii) The COOH terminus predicted from this DNA sequence is Gln-Gln-Val-stop which is in good agreement with that established by both hydrazinolysis and carboxypeptidase A and Y digestions of the protein: (Ser or amide)-(Ser or amide)-Val(OH).
(iii) There is a remarkable homology (see Fig. 2 ) between our protein sequence and that determined for the E. coli crystallized tryptic fragment of methionyl-tRNA synthetase (5) in the region corresponding to the nucleotide binding domain.
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Sequence Homology Between the E. Coli and Yeast Methionyl-tRNA Synthetases. Comparison of the two protein sequences, shown in Fig. 2 , reveals an extensive homology (44%) between residue block 192-594 of the yeast enzyme and the NH2-terminal 401 amino acids of the bacterial methionyl-tRNA synthetase. The alignment of similar residues has been maximized by introducing small deletions (between one and six amino acids) into both sequences, and the homology includes 30% amino acid identities and 14% conservative replacements. There appears to be no further significant homology outside this region, although the COOH-terminal 150 amino acids of the E. coli sequence are not yet available for comparison. Homology at the level of nucleotide sequence is much less apparent and this presumably reflects codon degeneracy.
The NH2-terminal 300 residues of the E. coli enzyme fold into a tertiary conformation of alternating /3-sheet, loop, and ahelix with five parallel /3-strands in a Rossman fold topology (10) . This structure is also found within the dehydrogenase and kinase enzyme families, where it functions as a nucleotide-binding domain (11) . All enzymes that are topologically equivalent to liver alcohol dehydrogenase have a glycine residue at the end of the loop between the first /8-strand and the subsequent ahelix (12) . This residue (glycine-23) is also present in the E. coli methionyl-tRNA synthetase and is conserved (glycine-214) in the yeast sequence. Coupled with the fact that the homologous region encompasses the entire Rossmann fold structure, these findings provide strong evidence that the yeast methionyl-tRNA Biochemistry: Walter et al. Sequence homologies between an active tryptic fragment of the E. coli methionyl-tRNA synthetase and the entire yeast cytoplasmic enzyme. In both cases the amino acid sequences were deduced from the respective cloned genes with corroborative protein chemical data available for the bacterial methionyl-tRNA synthetase only. Deletions have been introduced at positions 31, 209-212, 244, and 308-309 in the bacterial enzyme sequence and 461-466 in the yeast enzyme sequence in order to maximize the alignment. Amino acids that are identical in both sequences are boxed; those that are similar are underlined. The secondary structural features of the Rossman fold (,(sheets and a-helices) are also indicated on the E. coli sequence and were kindly provided by J. L. Risler and C. Zelwer. For clarity, the yeast sequence is limited to residues 181-594 and the E. coli sequence, to residues 1-401. synthetase has many tertiary structural homologies with its prokaryotic counterpart.
An increasing number of primary structures of aminoacyl-tRNA synthetases are now available for a search of sequence homologies (1-5) but we will limit our comparison (Fig. 3) to those for which similar tertiary structures have been obtained. In this respect, x-ray crystallographic studies of tyrosyl-tRNA synthetase from Bacillus stearothermophilus have shown that the NH2-terminal part of the molecule folds into a Rossman configuration (14) . Barker and Winter (13) found little sequence homology between the two bacterial enzymes (E. coli methionyl-and B. stearothermophilus tyrosyl-tRNA synthetases), although they could identify a cysteine and two histidine residues that occupy homologous positions in the two tertiary structures. These residues lie close to the COOH terminus of the ,B-sheet that has been shown to bind the tyrosyl adenylate (15) , and we can deduce by analogy that the equivalent domain of the E. coli methionyl-tRNA synthetase is responsible for methionine activation. In the yeast sequence, of the three potentially catalytic side chains only the histidine at position 212 is conserved. Therefore, although the topology of this region of the active site is probably essential for adenylate formation, we can deduce little about the identity of the key catalytic residues. However, recent studies (16) have emphasized the essential role of cysteine-35 in the binding of ATP by tyrosyl-tRNA synthetase.
Finally, we would like to point out that Putney et al. (2) have proposed a structural model for E. coli alanyl-tRNA synthetase in which the NH2-terminal domain (residues 1-400) contains the catalytic site where the alanyl-adenylate is formed whereas the COOH-terminal part is involved in the transfer step and subunit association. In addition, the enzyme contains clusters of arginine residues and mixed-charge residues distributed along the sequence. Such charged areas could interact with the cognate tRNA. This model does not fit entirely with the yeast methionyl-tRNA synthetase in which the putative nucleotidebinding domain corresponds to the middle of the molecule (between residues 192 and 594). But it is worth noting that mixedcharge clusters can be found in the NH2-and COOH-terminal parts (residues 8-12, 183-186, 603-608, 635-637, 709-713, and 733-745). The homologous cysteine and histidine residues previously detected by Barker and Winter (13) in the two bacterial enzymes are boxed. Vertical lines indicate homologies between the three enzymes (solid = identity; dotted = conservative replacement). Secondary structure assignment for tyrosyl-tRNA synthetase is taken from Bhat et al. (14) . L Proc. Natl. Acad. Sci. USA 80-(1983) L Proc. Natl. Acad. Sci. USA 80 (1983) 2441 Internal Sequence Homology. Extensive sequence repeats were found by tryptic mapping in E. coli methionyl-tRNA synthetase, and similar experiments performed on other aminoacyl-tRNA synthetases from various sources led to the widespread view that those enzymes with subunit sizes ranging from Mr 62,000 to 130,000 could contain such long stretches of repeated sequences in polypeptide chain (for a review, see ref. 17) . No obvious internal redundancy was found in the predicted sequence of yeast methionyl-tRNA synthetase and the same is true in E. coli alanyl-, glutaminyl-, and methionyl-tRNA synthetase (2, 4, 5) . Therefore, all these results cast serious doubts on the validity of the above hypothesis.
To conclude, we emphasize that transformation to prototrophy of our yeast Km mutant could be due to the cloning of either cytoplasmic or mitochondrial methionyl-tRNA synthetase genes because both belong to the nuclear genome and both enzymes aminoacylate cytoplasmic tRNA (18) . However, the two enzymes can be distinguished on the basis of two criteria (18): (i) their chromatographic behavior on hydroxyapatite columns, the mitochondrial enzyme being eluted at 0.1 M phosphate and the cytoplasmic one at 0.2 M; and (ii) the specificity of aminoacylation. Indeed, mitochondrial methionyl-tRNA synthetase aminoacylates both yeast cytoplasmic and E. coli tRNA at similar rates whereas its cytoplasmic counterpart aminoacylates E. coli tRNA at a rate 1/7th that of yeast cytoplasmic tRNA (18) . We recently have found that antibodies raised against the purified gene product do not inhibit the mitochondrial methionyl-tRNA synthetase. These differences show that our cloned gene is indeed that of the cytoplasmic enzyme.
